1. Introduction {#s0005}
===============

γδ T cells represent a unique subset of immune cells accounting for 5--10% of total T cell population in peripheral blood of humans. γδ T cells are unique as compared to αβ T cells due to their T-cell receptor (TCR) gene usage, tissue tropism and MHC independent antigen recognition ([@bb0040], [@bb0090]). Major subtype of γδ T cells in human peripheral blood express Vγ9Vδ2 TCR (also called as Vγ2Vδ2) and are typically of Th1 type secreting copious amount of IFNγ upon stimulation ([@bb0025], [@bb0005]). Similar to αβ T cells, γδ T cells exhibit plasticity and can differentiate into Th2 ([@bb0300], [@bb0240]), Th17 ([@bb0175], [@bb0020]), Tfh ([@bb0025]) and T regulatory ([@bb0035]) type. γδ T cells play an important role in antitumor cytotoxicity ([@bb0130], [@bb0110]), wound healing and tissue repair ([@bb0235], [@bb0105], [@bb0085]). These cells express natural killer receptors ([@bb0010], [@bb0095]) and recognize stressed/tumour cells expressing MICA/B and ULBPs ([@bb0315]). γδ T cells are increased in bacterial, viral and parasitic infections ([@bb0010]). Antitumor ability of γδ T cells against solid tumours and leukaemia\'s has been widely reported ([@bb0310], [@bb0280], [@bb0070], [@bb0060], [@bb0045], [@bb0275], [@bb0150]). A unique set of antigens recognized by γδ T cells include intermediate products of eukaryotic mevalonate pathway (isopentenyl pyrophosphate or its synthetic analogue bromohydrin pyrophosphate) and bacterial Rohmer pathway (HMBPP \[(E)-4-hydroxy-3-methyl-but-2-enylpyrophosphate\]). Plant derived alkylamines and aminobisphosphonates are also known to activate γδ T cells ([@bb0010]). Aminobisphosphonates and anti-RANKL therapies are used to treat patients with bone metastasis to reduce the skeletal complications and tumour burden ([@bb0170], [@bb0210], [@bb0160], [@bb0180]). The meta-analysis done to analyse the safety and efficacy of Vγ9Vδ2 based immunotherapy has shown improved overall survival in patients compared to conventional therapies ([@bb0015]).

Though bone appears to be static in nature, it is a dynamic structure which undergoes continuous remodelling. The process of bone remodelling is under the tight control of osteoblasts and osteoclasts. Osteoblasts are derived from mesenchymal cells, secrete bone matrix proteins and promote mineralization. Osteoclasts are large multinucleated cells generated by fusion of monocyte-macrophage precursor cells ([@bb0245]) and are known to decalcify and degrade the bone by secreting the lysosomal proteases ([@bb0270]). In normal conditions, osteoclasts and osteoblasts work in coordinated manner to maintain normal bone physiology, while their imbalance results in pathological conditions, such as osteoporosis, rheumatoid arthritis (RA), Paget\'s disease and osteopetrosis. Immune system and skeletal system are influenced by a number of common cytokines, chemokines, signalling molecules and transcription factors ([@bb0255]). Activated T lymphocytes support osteoclastogenesis through production of IL6 ([@bb0145]), IL17 ([@bb0230]), RANKL ([@bb0100], [@bb0295], [@bb0260]) and TNFα ([@bb0155]). Inflamed synovial joints of rheumatoid arthritic patients showed presence of γδ T cells ([@bb0120]), though γδ T cells were not recognized as major contributors of arthritic bone destruction ([@bb0190]). It was recently demonstrated that activated γδ T cells inhibit osteoclast differentiation and their resorptive function hence have important implications in understanding pathogenesis of rheumatoid arthritis ([@bb0185]). In disease free breast cancer patients, a single dose of aminobisphosphonate (zoledronic acid) induces a long lasting activation of effector subsets of γδ T cells ([@bb0220]). These studies indicate that activation status of γδ T cells is responsible for their antiosteoclastogenic activity. The objective of the present study was to have a comparative analysis of "activated" and "freshly isolated" γδ T cells with respect to their effect on generation and function of osteoclasts. Our results demonstrate that "activated" γδ T cells inhibit generation and resorptive ability of osteoclasts, while "freshly isolated" γδ T cells promote osteoclast formation and function.

2. Materials and methods {#s0010}
========================

2.1. Study group {#s0015}
----------------

Peripheral blood from healthy volunteers (age, 25--45 years) was collected in heparin containing vacutainers. The present study was approved by the Institutional Ethics Committee and informed consents were taken from the healthy volunteers before collecting the blood sample.

2.2. Expansion and isolation of γδ T cells {#s0020}
------------------------------------------

γδ T cells were either directly isolated from peripheral blood mononuclear cells (PBMCs) or from ex-vivo expanded PBMC cultures. Briefly, PBMCs were separated from heparinised peripheral blood of healthy individuals by Ficoll-Hypaque (Sigma-Aldrich, USA) density gradient centrifugation. PBMCs (5 × 10^6^), resuspended in 5 ml cRPMI (10% heat-inactivated human AB serum, 2 mM glutamine, and antibiotics) were stimulated for 12 days with rhIL-2 (30 IU/ml) in 25 mm^2^ tissue culture flasks precoated with αCD3 (1 μg) + αCD28 (1 μg), with intermediate feedings with rhIL2. These cells were subcultured after 6 days. On the 12th day, cultures were terminated and γδ T cells were immunomagnetically separated (positive selection) by using γδ-TCR MACS kit (magnetic activated cell sorting, Milteney Biotech, Germany) as per the kit instructions. On the 12th day, 13 ± 2.5 × 10^6^ γδ T cells were obtained from αCD3/CD28 expanded PBMCs (150 ± 40 × 10^6^). "Freshly isolated" γδ T cells were obtained from PBMCs without expansion. About 3.8 ± 1.6 × 10^6^ γδ T cells were isolated directly from PBMCs (130 ± 52 × 10^6^) by MACS purification. The purity of the MACS separated γδ T cells (FITC labelled) was analysed by flow cytometry and ranged from 95 to 98%. The γδ T cells were rested overnight in medium before using them for further experiments. γδ T cells purified from αCD3/CD28 + rhIL2 expanded PBMCs are termed as "activated" γδ T cells, while γδ T cells isolated directly from PBMCs are referred as "freshly isolated" γδ T cells.

2.3. Flow cytometry {#s0025}
-------------------

Expression of CD69, CD25 and RANKL was analysed on "activated" and "freshly isolated" γδ T cells. To analyse expression of CD69, CD25 and RANKL on "activated" γδ T cells, PBMCs (1 × 10^6^/ml) were cultured in cRPMI supplemented with either rhIL2 (30 IU/ml) alone, BrHPP (200 nM) + rhIL2 or αCD3/CD28 (1 μg) + rhIL2 for 12 days in 24 well plate at 37 °C in 5% CO~2~ incubator. BrHPP is a synthetic analogue of isopentenyl pyrophosphate ([@bb0050]) and is used as antigen for γδ T cells. The cells were fed with rhIL2 every 3rd day and subcultured on the 6th day. PBMCs without any stimulation (Day 0) were kept as control. On termination of culture on the 12th day, expanded PBMCs were collected, washed in cold 1 × PBS (4 °C) and resuspended in cold FACS buffer (1 × PBS, 2% FCS, 0.01% sodium azide) as 1 × 10^6^ PBMCs/50 μl. These PBMCs were then stained for markers like γδ-TCR-APC (BD Pharmingen, USA), CD25-PECy7 (BD Pharmingen, USA), CD69-FITC (BD Pharmingen, USA), RANKL-PE (Biolegend, USA) at 4 °C for 30 min in dark, followed by fixing in 1% paraformaldehyde at 4 °C for 15 min in dark. For "freshly isolated" γδ T cells (directly separated from PBMCs on Day 0), purified γδ T cells were rested overnight and then were stimulated either with rhIL2 (0.5 IU) alone, αCD3/CD28 (1 μg) + rhIL2, BrHPP (200 nM) + rhIL2 or left unstimulated (control) for 24 h at 37 °C in 5% CO~2~ incubator. 50,000 events were acquired on a FACS Aria (Becton Dickinson, USA) flow cytometer and data was analysed using FlowJo Software (Version 10, Tree Star, USA). For the above experiments, lymphocytes were gated on the basis of their forward and side scatter. Further γδ T cells were gated on the basis of the fluorescence intensity versus forward scatter and expression of CD69, CD25 and RANKL was analysed on the gated γδ T cell population.

2.4. Cytometric bead array {#s0030}
--------------------------

"Activated" (separated from αCD3/CD28 expanded PBMCs) and "freshly isolated" γδ T cells (5 × 10^4^), resuspended in cRPMI (200 μl), were stimulated with rhIL2 (0.5 IU) alone or BrHPP (200 nM) + rhIL2 (0.5 IU), in round bottom 96 well plate (Nunc) for 24 h at 37 °C in 5% CO~2~ incubator. The experimental groups were as represented below (Groups 1 to 4).

After 24 h, cells free supernatants from Groups 1--4 were collected and were stored at − 80 °C. As experimental controls, cell free supernatants were collected from "activated" and "freshly isolated" γδ T cells incubated in medium only (unstimulated) for 24 h. Th1/Th2/Th17 cytokines (IL2, IL4, IL6, IL10, TNFα, IFNγ and IL17A) in these supernatants were analysed using cytometric bead array kit (BD Biosciences) as per the kit instructions. In brief, 50 μl test samples and PE detection antibody were incubated with capture bead reagent for 3 h at room temperature in dark, followed by washing with wash buffer. Samples were acquired on BD FACS Aria cytometer (BD Bioscience, San Jose, CA, USA) and data was analyzed using FCAP Array software version 1.0 (BD Biosciences).

2.5. Generation of human osteoclasts {#s0035}
------------------------------------

Human osteoclasts were generated from CD14^+^ cells (monocytes) in the presence of rhMCSF and rhRANKL ([@bb0075]). In brief, CD14^+^ cells were separated from healthy PBMCs by positive selection method using CD14 MACS kit (Milteney Biotech). CD14^+^ cells (1 × 10^5^) were cultured on thermanox coverslips (Nunc) in flat bottom 96 well plate containing 200 μl cαMEM (10% heat inactivated FCS (Invitrogen Life Technologies, USA), 2 mM [l]{.smallcaps}-glutamine and antibiotics) at 37 °C in 5% CO~2~ incubator. These cultures were supplemented with 30 ng/ml rhMCSF (R&D Systems) and 40 ng/ml rhRANKL (R&D Systems) and were replenished on every 3rd day. On the 21st day, mature multinucleated osteoclasts were characterized by staining for expression of vitronectin receptor (αVβ3 integrin) using monoclonal antibody for CD51/61 (Biolegend), also known as 23c6 antibody along with nuclear stain DAPI. 23c6^+^ cells having \> 3 nuclei were considered as mature osteoclasts ([Supplementary Fig. 1](#f0035){ref-type="graphic"}A).

2.6. CD14^+^ and γδ T cell coculture assay {#s0040}
------------------------------------------

Effect of γδ T cells on osteoclastogenesis was analysed by generating osteoclasts from CD14^+^ cells in the presence of autologous "activated" (ACT) or "freshly isolated" (FI) γδ T cells. On Day 0, CD14^+^ cells (1 × 10^5^) were cocultured with unstimulated "activated" or "freshly isolated" γδ T cells (1 × 10^4^) in cαMEM (200 μl) containing rhMCSF (30 ng/ml), rhRANKL (40 ng/ml) and rhIL2 (0.5 IU). As a positive control, osteoclasts were generated from CD14^+^ cells in the presence of rhMCSF and rhRANKL only. To analyse the effect of phosphoantigen stimulated "freshly isolated" γδ T cells on osteoclastogenesis, BrHPP (200 nM) was also added to cocultures along with rhMCSF and rhRANKL on Day 0. For 21 days, CD14: γδ T cells (10:1) were nourished with rhMCSF, rhRANKL and rhIL2 on every 3rd day. On the 21st day, multinucleated (\> 3 nuclei) 23c6^+^ osteoclasts generated in an entire well were quantified and the effect of γδ T cells on osteoclastogenesis was determined by analysing increase or decrease in the total number of osteoclast generated per well as compared to control wells.

2.7. In vitro bone resorption assay using osteoclast activity assay substrate (OAAS) {#s0045}
------------------------------------------------------------------------------------

"Activated" and "freshly isolated" γδ T cells were stimulated with rhIL2 or BrHPP + rhIL2 for 24 h and cell free supernatants were collected (Groups 1--4) as described above ([Section 2.4](#s0030){ref-type="sec"}). Osteoclast precursor cells were generated from CD14^+^ cells (1 × 10^5^) in the presence of rhMCSF and rhRANKL for 12 days in OAAS module (BD Biosciences). OAAS is a 16 well module, with thin calcium-phosphate coated wells and is used to evaluate functional activity of osteoclasts in vitro. From the 12th day onwards, every 3rd day, the cultures were supplemented with pretitrated volumes of cell free supernatant (50 μl) from Groups 1--4 along with rhMCSF and rhRANKL. Osteoclasts generated in the presence of rhMCSF and rhRANKL were kept as positive control. On the 21st day, the cells were bleached out using 6% sodium hypochlorite and 5.2% sodium chloride. OAAS plates were air dried and resorption area/pits generated by mature resorbing osteoclasts were imaged using light microscopy ([Supplementary Fig. 1](#f0035){ref-type="graphic"}B). The resorptive ability of osteoclasts was assessed by quantifying the total resorbed area generated in OAAS well using ImageJ Software.

2.8. Cytokine neutralization {#s0050}
----------------------------

Osteoclast precursor cells were generated from CD14^+^ cells (1 × 10^5^) in the presence of rhMCSF and rhRANKL for 12 days in OAAS module as described above. From the 12th day onwards, every 3rd day, along with rhMCSF and rhRANKL, the cultures were supplemented with 50 μl cell free supernatant of unstimulated "activated" and "freshly isolated" γδ T cells, with or without monoclonal mouse antihuman αIFNγ or αIL6 neutralization antibody (10 μg/ml/well) respectively. Osteoclasts generated in the presence of rhMCSF and rhRANKL were kept as positive control. On the 21st day, the cultures were terminated and resorption area was calculated using ImageJ software.

2.9. Statistical analysis {#s0055}
-------------------------

The data was analysed using student\'s unpaired t test. p values ≤ 0.05 were considered statistically significant \[p \< 0.05 (\*), p \< 0.005 (\*\*), p \< 0.0005 (\*\*\*)\]. Error bar indicates mean ± SEM.

3. Results {#s0060}
==========

3.1. Expression of activation markers (CD69, CD25 and RANKL) on γδ T cells {#s0065}
--------------------------------------------------------------------------

Expression of activation markers (CD69, CD25 and RANKL) on γδ T cells were analysed by stimulating these cells with two distinct TCR signals (αCD3/CD28 or BrHPP) in the presence of rhIL2.

As shown in [Fig. 1](#f0005){ref-type="fig"}A, unstimulated PBMCs (Day 0) showed lower expression levels of CD69 (3.62% \[percent positive\], MFI = 72.5\[mean fluorescent intensity\]), CD25 (16.2%, MFI = 405) and RANKL (4.06%, MFI = 115) on gated γδ T cells. However, a marked increase in expression of CD25 and RANKL was observed on γδ T cells upon stimulation of PBMCs with αCD3/CD28 + rhIL2 (100%, MFI = 134,379 and 53.5%, MFI = 641 respectively) or BrHPP + rhIL2 (99.1%, MFI = 17,740 and 36.4%, MFI = 654 respectively) for 12 days. Almost all γδ T cells were positive for CD25 expression after stimulation, indicating that these cells were in highly activated state. Expression of CD69 (early activation marker) on γδ T cells was found marginal changed upon stimulation of PBMCs with αCD3/CD28 + rhIL2 (0.9%, MFI = − 714) and BrHPP + rhIL2 (2.82%, MFI = 211) for 12 days compared to unstimulated PBMCs (3.62%, MFI = 72.5).

Expression of these activation markers were also analysed on immunomagnetically purified γδ T cells ([Fig. 1](#f0005){ref-type="fig"}B). Purified ("freshly isolated") γδ T cells were either left unstimulated (control) or were stimulated with rhIL2 alone or a combination of αCD3/CD28 + rhIL2 or BrHPP + rhIL2 for 24 h. As shown in [Fig. 1](#f0005){ref-type="fig"}B, in an unstimulated state, "freshly isolated" γδ T cells showed lower levels of CD69 (5.04%, MFI = 126), CD25 (2.48%, MFI = 103) and RANKL (1.72%, MFI = 41.4). Upon stimulation with rhIL2 for 24 h, increase in the expression of CD69 (29.2%, MFI = 295), CD25 (9.10% MFI = 354) and RANKL (3.79% MFI = 81.3) was observed. "Freshly isolated" γδ T cells stimulated with αCD3/CD28 + rhIL2 or BrHPP + rhIL2 showed markedly higher levels of CD69 (39.8%, MFI = 344 and 52.4%, MFI = 335 respectively), CD25 (13.2%, MFI = 512 and 18.3%, MFI = 677 respectively) and RANKL (7.38%, MFI = 106 and 9.49%, MFI = 77.6 respectively) as compared to unstimulated and rhIL2 stimulated γδ T cells. Thus on the basis of expression of activation markers (CD69, CD25 and RANKL) γδ T cells were considered as "non-activated" (freshly isolated) and "activated" (isolated from αCD3/CD28 + rhIL2 stimulated PBMCs) γδ T cells.

3.2. Direct effect of γδ T cells on generation of osteoclast {#s0070}
------------------------------------------------------------

CD14^+^ cells (1 × 10^5^/well, osteoclast precursor cells) were cocultured with "activated" or "freshly isolated" γδ T cells (1 × 10^4^/well,10:1) in the presence of rhMCSF, rhRANKL and rhIL2 for 21 days (described in material and methods [Section 2.6](#s0040){ref-type="sec"}), with intermediate feedings on every 3rd day. Osteoclasts generated in the presence of rhMCSF and rhRANKL served as a positive control. Osteoclasts showing multinucleation (≥ 3 nuclei) and 23c6 positivity (vitronectin receptor) were considered as mature osteoclasts. Number of osteoclasts generated (25 ± 4 osteoclasts/well) in the presence of rhMCSF and rhRANKL (positive control) were normalized to 100% and data has been represented as relative increase or decrease in number of osteoclasts generated per well compared to positive control. Coculture of "activated" γδ T cells with CD14^+^ cells in the presence of rhMCSF and rhRANKL showed significant reduction (1.5 ± 0.5 osteoclasts/well, 93.6% reduction, p = 0.0012) in 23c6^+^ multinucleated osteoclasts compared to positive control ([Fig. 2](#f0010){ref-type="fig"}). In contrast, generation of osteoclasts in the presence of "freshly isolated" γδ T cells showed marked increase in the number of 23c6^+^ multinucleated osteoclasts (53.5 ± 14.5 osteoclasts/well, 110% increase, p = 0.0458). These results indicated that "activated" γδ T cells inhibit osteoclastogenesis, while "freshly isolated" γδ T cells tend to increase the number of osteoclasts upon coculture. In order to confirm this observation "freshly isolated" γδ T cells were cocultured with CD14^+^ cells in the presence of phosphoantigen BrHPP along with rhMCSF, rhRANKL and rhIL2. It was interesting to observe that generation of osteoclasts in the presence of "freshly isolated" γδ T cells that were stimulated with BrHPP showed significant reduction (2.5 ± 1.5 osteoclasts/well, 88.8% reduction, p = 0.0078) in the total number of 23c6^+^ osteoclasts, confirming that "activation status" of γδ T cells govern their function to regulate osteoclastogenesis. CD14^+^ cells cultured in the presence of rhMCSF and rhRANKL in the presence of rhIL2 (26.5 ± 3.5 osteoclasts/well) or BrHPP + rhIL2 (28 ± 3 osteoclasts/well) showed osteoclast numbers that were comparable to that observed in positive control (25 ± 4 osteoclasts/well), indicating that rhIL2 or BrHPP + rhIL2 had no effect on osteoclast generation.

3.3. Effect of soluble factors secreted by phosphoantigen stimulated γδ T cells on function of osteoclasts {#s0075}
----------------------------------------------------------------------------------------------------------

In order to investigate the indirect effect of γδ T cells on osteoclast function mediated through secretion of soluble factors upon phosphoantigenic stimuli, osteoclast precursor cells (OPCs, generated on OAAS using rhMCSF and rhRANKL for 12 days) were cultured in the presence of pretitrated volumes of cell free supernatants of "activated" and "freshly isolated" γδ T cells, stimulated with rhIL2 or BrHPP + rhIL2 (Groups 1--4), along with rhMCSF and rhRANKL. Osteoclasts cultured in the presence of rhMCSF and rhRANKL were kept as positive control. Total resorbed area generated by resorbing osteoclasts in OAAS well was used as end point measurement of assay. Total resorption area generated per well by osteoclasts cultured in the presence of rhMCSF and rhRANKL (positive control) was normalized to 100% and data has been represented as relative increase or decrease in resorption area compared to positive control. As shown in [Fig. 3](#f0015){ref-type="fig"}, OPCs, supplemented with supernatants of "activated" γδ T cells which were stimulated with rhIL2 alone (Group 1) or BrHPP + rhIL2 (Group 2) showed 72% and 70.4% reduction (p = 0.0001 and p = 0.0011 respectively) in the total resorbed area as compared to positive control. Similarly, effect of soluble factors secreted by "freshly isolated" γδ T cells which were stimulated with rhIL2 alone (Group 3) or BrHPP + rhIL2 (Group 4) on osteoclast function showed significant increase (184.1%, p = 0.002 and 42.6%, p = 0.0192 respectively) in total resorbed area as compared to positive control. The results clearly indicated that soluble factors secreted by "activated" γδ T cells potentially suppress osteoclast mediated bone resorption, whereas soluble factors secreted by "freshly isolated" γδ T cells increase bone resorption.

3.4. Cytokine profiling of supernatants of antigen activated γδ T cells {#s0080}
-----------------------------------------------------------------------

Cell free supernatants were collected from "activated" (ACT) and "freshly isolated" (FI) γδ T cells. The various groups are described in materials and methods, [Section 2.4](#s0030){ref-type="sec"}. "Activated" and "freshly isolated" γδ T cells were either left unstimulated (medium only control) or were stimulated with rhIL2 alone (Group 1, Group 3), BrHPP + rhIL2 (Group 2, Group 4). Cell free supernatants of these cells were collected and analysed for Th1/Th2/Th17 cytokines by CBA, as represented in [Supplementary data, Table 1](#ec0005){ref-type="supplementary-material"}. Analysis of cell free supernatants of "activated" and "freshly isolated" γδ T cells in the unstimulated control group interestingly showed significant differences in levels of two cytokines- IL6 (pro-osteoclastogenic) and IFNγ (anti-osteoclastogenic) compared to other cytokines ([Supplementary data, Table 1](#ec0005){ref-type="supplementary-material"}). As shown in [Fig. 4](#f0020){ref-type="fig"}, in an unstimulated state, "freshly isolated" γδ T cells showed higher levels of IL6 (Mean ± SEM 2318 ± 471 pg/ml), while "activated" γδ T cells showed significantly (p = 0.005) lower levels of IL6 (1.9 ± 0.3 pg/ml). Comparison of IFNγ levels showed that, "freshly isolated" γδ T cells secreted very low (3.2 ± 0.27 pg/ml) levels of IFNγ, while "activated" γδ T cells showed significantly (p = 0.008) higher levels of IFNγ (274.1 ± 111.2 pg/ml).

Upon stimulation with rhIL2, supernatant of "activated" γδ T cells (Group 1) showed significantly higher levels of IFNγ (706.5 ± 211.8 pg/ml, p = 0.0044) compared to "freshly isolated" γδ T cells (33.5 ± 29.1 pg/ml, Group 3). Similarly, upon stimulation with BrHPP + rhIL2, "activated" γδ T cells (Group 2) showed significantly higher levels of IFNγ (879.7 ± 240 pg/ml, p = 0.0264) compared to "freshly isolated" γδ T cells (260.7 ± 101.2 pg/ml Group 4). Freshly isolated γδ T cells upon stimulation with rhIL2 showed a progressive increase in IFNγ production that further enhanced with BrHPP + rhIL2 stimulation (p = 0.01) compared to unstimulated γδ T cells.

The levels of IL6 secreted by "activated" (Group 1 and Group 3) and "freshly isolated" (Group 2 and Group 4) γδ T cells were not significantly different compared to supernatants of unstimulated γδ T cells (control).

Results indicate that "freshly isolated" γδ T cells secrete higher levels of IL6, thus have pro-osteoclastogenic effect, while "activated" γδ T cells maintain higher levels of IFNγ playing an anti-osteoclastogenic role.

3.5. Effect of IFNγ or IL6 neutralization in cell free supernatants of γδ T cells on osteoclast function {#s0085}
--------------------------------------------------------------------------------------------------------

To validate that the effect of γδ T cells on osteoclastogenesis is mediated through cytokines (IFNγ and IL6), functional assays were carried out using neutralizing antibodies to these cytokines. Osteoclasts were generated in the presence of cell free supernatants of unstimulated "activated" and "freshly isolated" γδ T cells in the presence or absence of αIFNγ or αIL6 antibody. As shown in [Fig. 5](#f0025){ref-type="fig"}, osteoclasts generated in presence of cell free supernatants of "activated" γδ T cells showed significant (57.4%) reduction in resorption area (10.78 ± 1 μm^2^) compared to positive control (25.4 ± 0.5 μm^2^, 100%), After addition of αIFNγ antibody to these cultures the inhibition was reversed and brought to 89.7% (22.7 ± 0.3 μm^2^), which was comparable to that observed in positive control, confirming our observation that IFNγ is a major cytokine generated by "activated" γδ T cells that inhibits osteoclastogenesis.

Similarly, osteoclasts generated in the presence of cell free supernatants of "freshly isolated" γδ T cells showed increase in resorption area by 191.9% (74.1 ± 1.6 μm^2^) over positive control (100%). Upon addition of αIL6 antibody to the cultures, there was a marked reduction in the resorption area (34.5 ± 0.2 μm^2^, p = 0.0068) reducing from 191.9% to 36.1% over positive control (100%).Our results suggests that the dynamics of IFNγ and IL6 play a major role in mediating the pro and anti-osteoclastogenic effects of "activated" γδ T cells and "freshly isolated" γδ T cells respectively.

4. Discussion {#s0090}
=============

Bone is a common site of metastasis in breast cancer ([@bb0250]), prostate cancer and multiple myeloma ([@bb0205]). Metastasized tumour cells disturb the bone metabolism by releasing factors which induce differentiation and activation of osteoclasts ([@bb0200]). It has also been reported that cytokines secreted by lymphocytes present in the bone microenvironment affect bone metabolism ([@bb0065]). Investigations are focused on understanding how T lymphocytes interact with osteoclasts and influence their function. Activated CD4^+^ T cells express RANKL and secrete cytokines such as IL1β, IL6, IL17, TNFα and RANKL that support osteoclastogenesis ([@bb0100], [@bb0135], [@bb0165], [@bb0125]). Interestingly, it has also been reported that activated T lymphocytes secrete cytokines such as IFNγ, IL4, IL10 and GMCSF that inhibit osteoclastogenesis ([@bb0285], [@bb0225]). It is still not understood what dictates the pro and anti-osteoclastogenic behaviour of the lymphocytes. Although the role of CD4^+^ αβ T cells in osteoclastogenesis has been investigated, the role of γδ T cells is not well understood. In the present study, we have made an attempt to analyze the effect of "activated" and "freshly isolated" γδ T cells on osteoclast generation and function.

We used γδ T cells from two sources; those that were isolated directly from PBMCs ("freshly isolated" γδ T cells) and those that were isolated from PBMCs stimulated with αCD3/CD28 + rhIL2 ("activated" γδ T cells). Coculture of "freshly isolated" γδ T cells with CD14^+^ cells enhanced the generation of osteoclasts and stimulated their resorptive ability. On the contrary, "activated" γδ T cells showed inhibitory effect on generation and function of osteoclasts. The process of osteoclastogenesis is majorly influenced by cytokine milieu in the microenvironment, where IL6, IL17, TNFα, TGFβ, IFNγ and RANKL play indispensable role. Analysis of cell free supernatants of "freshly isolated" γδ T cells at baseline levels (unstimulated) showed marked difference in their IL6 and IFNγ levels. In an unstimulated state, "freshly isolated" γδ T cells were major producers of IL6, with negligible levels of IFNγ. On the contrary, "activated" γδ T cells showed higher IFNγ levels with low IL6 production.

IL6 is a potent pro-osteoclastogenic cytokine, with the capacity to induce osteoclastogenesis in RANKL independent manner ([@bb0140]) and it also acts in synergistic manner with TNFα to induce osteoclastogenesis ([@bb0195]). IL6 has been reported to stimulate formation of osteoclast like multinucleated cells in long term cultures of human bone marrow through induction of IL1β ([@bb0145]). T lymphocytes from IL6^/^ mice have shown lesser production of IL17 (pro-osteoclastogenic) and also affected RANKL/OPG production by T lymphocytes ([@bb0305]). Cultures of osteoclasts from bone marrow cells of IL6^/^ mice in the presence of MCSF and RANKL produced \~ 50% lesser osteoclasts as compared to wild type mice ([@bb0305]). On the contrary, IFNγ has been appreciated for its protective role in osteoclastogenesis by inhibiting osteoclast formation and bone resorption in vitro ([@bb0260], [@bb0115]). Mice lacking one of the components of IFNγ receptor (IFNγR1) showed enhanced osteoclastogenesis from bone marrow derived monocyte/macrophage precursor cells (BMMs) and bone loss ([@bb0260]). Also, IFNγ producing activated T cells showed osteoclast generation from BMMs in the absence of RANKL in IFNγR^−/−^ mice ([@bb0260]). IFNγ either downregulates TRAF6 (TNF receptor associated factor 6) expression or activates/enhances ubiquitin dependant proteosomal systems whose direct target is TRAF6 ([@bb0260], [@bb0265]), which results in disruption of RANK--RANKL signalling.

In order to confirm that IL6 and IFNγ are the key cytokines involved in the pro and anti-osteoclastogenic effects mediated by "freshly isolated" and "activated" γδ T cells respectively, neutralization experiment was carried out using αIL6 and αIFNγ antibodies. Addition of αIL6 antibody to the supernatants of "freshly isolated" γδ T cells showed a marked reduction in the resorption area. However, the resorption area remained marginally above that was observed with positive control (rhMCSF + rhRANKL). The data indicates that other cytokines like TNFα and IL17 may also contribute to the pro-osteoclastogenic effect, which may be present in the supernatants after blocking IL6 ([Supplementary Table 1](#f0035){ref-type="graphic"}). Similarly blocking of IFNγ significantly reversed (89.74%) the anti-osteoclastogenic effect, indicating that IFNγ is the dominant cytokine inhibiting osteoclastogenesis.

Human γδ T cells are Th1 type cells which produce copious amounts of IFNγ upon stimulation ([@bb0080], [@bb0290], [@bb0055]). BrHPP, an analogue of IPP, known to be a potent antigen of γδ T cells was used to stimulate "freshly isolated" γδ T cells in the presence of rhIL2. Upon stimulation with BrHPP + rhIL2, the activation markers (CD69, CD25 and RANKL) on these cells were found to be increased compared to unstimulated γδ T cells. CD69, an early activation marker, is expressed on T cells upon triggering through TCR complex ([@bb0320]). T cell activation through CD69 results in upregulation of CD25 and induction of Th1 cytokine (IL2 and IFNγ), ultimately triggering proliferation of the lymphocytes ([@bb0215]). As expected, higher levels of IFNγ along with increased expression of activation markers (CD25 and RANKL) were observed on "activated" γδ T cells (which were expanded using αCD3/CD28 + rhIL2), while no significant change was observed in early activation marker CD69. "Freshly isolated" γδ T cells upon stimulation with BrHPP + rhIL2 showed increase in IFNγ production, along with significant increase in early activation markers like CD69 and RANKL. Compared to rhIL2 stimulated, "freshly isolated" γδ T cells stimulated with BrHPP + rhIL2, irrespective of short or long term activation, showed inhibitory effect on generation (vitronectin receptor expression) and resorptive ability (resorption area on OAAS plates) of osteoclasts. Thus, "freshly isolated" γδ T cells stimulated with phosphoantigen (BrHPP + rhIL2) exhibited the characteristics of "activated" γδ T cells to suppress osteoclast generation and function.

To best of our knowledge, this is the first study to show that activation status and the cytokines released by γδ T cells dictates their effect on osteoclastogenesis. Aminobisphosphonates, the new generation bisphosphonates, are used as standard treatment modality in patients with breast cancer, prostate cancer and multiple myeloma patients exhibiting skeletal metastasis ([@bb0045], [@bb0210]). Aminobisphosphonates inhibit activity and survival of osteoclasts ([@bb0030]). Besides their antitumor and anti-resorptive ability, aminobisphosphonate (Zoledronic acid) are potent activators of γδ T cells. IL6, dominantly secreted by "freshly isolated" γδ T cells (low CD25, CD69 expression) promote osteoclastogenesis, while antigen (BrHPP) activated γδ T cells (high CD25, CD69 expression) inhibit osteoclastogenesis through increased IFNγ production. This data adds a new dimension towards understanding the mechanism of action of aminobisphosphonate in patients receiving this treatment for skeletal metastasis. Although antitumor and anti-resorptive roles of aminobisphosphonates are reported, the present study further demonstrates the crosstalk of immune cells and osteoclasts mediated by aminobisphosphonates. Future immunotherapeutic approaches can utilize aminobisphosphonates activated γδ T cells for treatment of skeletal metastasis.

5. Conclusion {#s0095}
=============

Effect of γδ T cells on osteoclastogenesis depends on their activation status. Phosphoantigen "activated" γδ T cells express higher levels of activation markers (CD25 and RANKL expression) and secrete higher levels of IFNγ (anti-osteoclastogenic), thus inhibiting osteoclast generation and function. On the contrary, "freshly isolated" γδ T cells, in an unstimulated state (low CD25, CD69 and RANKL expression) secrete higher levels of IL6 (pro-osteoclastogenic) and enhance osteoclast generation and function. "Freshly isolated" γδ T cells, when stimulated with phosphoantigen (BrHPP) showed increased IFNγ secretion and attained anti-osteoclastogenic potential. Neutralization of IFNγ and IL6 using blocking antibodies majorly diminished the "inhibitory" or "stimulatory" effect of "freshly isolated" and "activated" γδ T cells respectively on osteoclastogenesis. In conclusion, activation status and dynamics of IL6/IFNγ dictates pro or anti-osteoclastogenic role of γδ T cells.

The following are the supplementary data related to this article.Supplementary Fig. 1*Characterization of human osteoclasts*.Human osteoclasts were generated from CD14^+^ cells using rhMCSF (30 ng/ml) and rhRANKL (40 ng/ml) in complete αMEM over the period of 21 days. On the 21st day, osteoclasts were stained for vitronectin receptor using antihuman CD51/61-Alexa Fluor 488 monoclonal antibody (also known as 23c6) and DAPI. Multinucleated (≥ 3 nuclei) cells showing 23c6^+^ positivity were considered as mature osteoclast (A). Functional aspect of osteoclasts was studied by measuring the area of resorption pits generated by mature osteoclast on osteoclast activity assay substrate (OAAS) (B).Cytokine profiling of \"activated\" and \"freshly isolated\" γδ T cells
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![Analysis of activation markers (CD69, CD25, and RANKL) on γδ T cells.\
*A*) Expression of activation markers (CD69, CD25, and RANKL) was analysed on γδ T cells in unstimulated PBMCs (1 × 10^6^/ml/well) or PBMCs expanded with rhIL2 (30 IU/ml) alone, αCD3/CD28 (1 μg) + rhIL2 or BrHPP (200 nM) + rhIL2 for 12 days. After the 12th day, PBMCs were stained using γδ-APC, CD69-FITC, CD25-PeCy7, and RANKL-PE. Baseline expression of these makers on γδ T cells was analysed by staining unstimulated PBMCs (Day 0, control). The gating strategy used was as follows: Lymphocytes were gated based on their forward and side scatter. Depending on the fluorescence intensity of γδ-APC, γδ T cells were gated. Further percentages of γδ T cells expressing CD69, CD25 and RANKL were analysed on gated γδ T cells. The gates have been set according to only cell controls for respective stimulation. *B*) Purified γδ T cells were also stimulated with rhIL2 alone, αCD3/CD28 + rhIL2 or BrHPP + rhIL2 for 24 h or left unstimulated (medium alone) and were analysed for the expression of CD69, CD25 and RANKL. The gating strategy used was as described above. (Three independent experiments were carried out and the representative figure is given.)](gr1){#f0005}

![Effect of "activated" and "freshly isolated" γδ T cells on generation of osteoclasts.\
CD14^+^ cells (1 × 10^5^/well) were co-cultured with "activated" (ACT) or "freshly isolated" (FI) γδ T cells (1 × 10^4^) in cαMEM supplemented with rhMCSF (30 ng/ml), rhRANKL (40 ng/ml) and rhIL2 (0.5 IU/well) on thermanox coverslips (Nunc) in flat bottom 96 well plate. Osteoclasts generated in the presence of rhMCSF and rhRANKL were kept as positive control. "Freshly isolated" γδ T cells were stimulated with phosphoantigen by supplementing the cultures with BrHPP (200 nM) along with rhMCSF, rhRANKL and rhIL2 on Day 0. The CD14^+^: γδ T cell cocultures were fed with rhMCSF, rhRANKL, rhIL2 every 3rd day for 21 days. On the 21st day, osteoclasts were characterized by staining them for vitronectin receptor (anti-human-CD51/CD61-AF488) and total number of osteoclasts (multinucleated 23c6^+^ cells) generated per well were quantitated. Number of osteoclasts generated in the presence of rhMCSF and rhRANKL (positive control) were normalized to 100% and data has been represented as relative increase or decrease in number of osteoclasts generated per well compared to positive control. Three independent experiments were carried out and the data is represented as mean ± SEM. \[p \< 0.05 (\*), p \< 0.005 (\*\*), p \< 0.0005 (\*\*\*)\].](gr2){#f0010}

![Effect of supernatants of γδ T cells on resorptive ability of osteoclasts.\
Osteoclasts were generated from CD14^+^ cells (1 × 10^5^/well) in the presence of rhMCSF (30 ng/ml) and rhRANKL (40 ng/ml) for 12 days on osteoclast activity assay substrate. From the 12th day onwards, the cultures were fed with cell free supernatants of "activated" and "freshly isolated" γδ T cells, stimulated with rhIL2 (Group 1 and Group 3) or BrHPP + rhIL2 (Group 2 and Group 4) respectively, along with rhMCSF and rhRANKL on every 3rd day. Osteoclasts generated in the presence of rhMCSF and rhRANKL were kept as positive control. The cultures were terminated on the 21st day and the area resorbed by mature osteoclasts was calculated using ImageJ software. Total resorption area generated per well by osteoclasts cultured in the presence of rhMCSF and rhRANKL (positive control) was normalized to 100% and data has been represented as relative increase or decrease in resorption area compared to positive control. The data shown is mean ± SEM of three independent experiments. \[p \< 0.05 (\*), p \< 0.005 (\*\*), p \< 0.0005 (\*\*\*)\].](gr3){#f0015}

![Estimation of IL6 and IFNγ levels in cell free supernatants of "activated" (ACT) and "freshly isolated" (FI) γδ T cells.\
"Activated" (purified from αCD3/CD28 + rhIL2 expanded PBMCs) or "freshly isolated" (directly purified from PBMCs on Day 0) γδ T cells (5 × 10^4^/well) were stimulated with rhIL2 (0.5 IU/well) or BrHPP (200 nM) + rhIL2 for 24 h at 37 °C in CO~2~ incubator. Both "activated" and "freshly isolated" γδ T cells, which were unstimulated (incubated in culture medium alone), were kept as control. After 24 h, the cell free supernatants were collected. Th1/Th2/Th17 cytokines of these cell free supernatants were quantified by cytometric bead array (CBA). In an unstimulated state, supernatants of "activated" and "freshly isolated" γδ T cells showed marked differences in IL6 and IFNγ levels. Stimulation of "activated" and "freshly isolated" γδ T cells with rhIL2 (Group 1, Group 3 respectively) or BrHPP + rhIL2 (Group 2, Group 4 respectively) showed enhanced IFNγ secretion. Levels of IL6 remained higher in cell free supernatants of "freshly isolated" γδ T cells. ("Activated" γδ T cells (n = 5), "freshly isolated" γδ T cells (n = 7)). \[p \< 0.05 (\*), p \< 0.005 (\*\*), p \< 0.0005 (\*\*\*)\].](gr4){#f0020}

![Effect of IFNγ and IL6 neutralization in cell free supernatants of "activated" (ACT) and "freshly isolated" (FI) γδ T cells on osteoclast function.\
CD14^+^ cells (1 × 10^5^) were cultured in the presence of rhMCSF and rhRANKL for 12 days in OAAS module to generate OPCs. After which, every 3rd day, the cultures were supplemented with 50 μl supernatants of unstimulated "activated" and "freshly isolated" γδ T cells, rhMCSF, and rhRANKL with or without monoclonal mouse αIFNγ or αIL6 neutralization antibody (10 μg/ml/well). Osteoclasts generated in the presence of rhMCSF and rhRANKL were kept as positive control. On the 21st day, the cultures were terminated and resorption area was calculated. Resorption area generated in positive control was normalized to 100% and data has been represented as relative increase or decrease in resorption area compared to positive control. The data shown is mean ± SEM of two independent experiments. \[p \< 0.05 (\*), p \< 0.005 (\*\*), p \< 0.0005 (\*\*\*)\].](gr5){#f0025}
